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MinireviewNew Structural Perspectives
on K Channel Gating
place: backbone carbonyls serve as surrogate waters
of hydration, while electrostatic repulsion contributes to
boost throughput [2].
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derstand gating we need to consider that the open state
is usually a transient molecular event, with dwell times
as short as few tens of microseconds. Obviously, thisIon channel gating is a two-stage process. It involves
has made it quite difficult to structurally characterizean initial energy transduction step, sensitive to a vari-
gating. Nonetheless, a great deal of electrophysiologicalety of physical stimuli (voltage, ligand binding, and
work has pointed to conformational changes toward thetension), followed by the structural rearrangements
intracellular face of the channel involving the last TMthat allow ion permeation. New structural data pro-
segment of the channel [3]. The first direct structuralvides fresh information on both steps and offers un-
evidence of helix movement was obtained also fromprecedented insight into how ion channels open and
KcsA, which can be opened by lowering intracellularclose at the molecular level.
pH [4, 5]. Based on this finding, spin labeling and EPR
experiments revealed significant structural rearrange-
The signaling functions exerted by ion channels are criti- ments toward the C-terminal end of TM2 [6]. But, be-
cally dependent on two conditions: the means to select cause, even at low pH, open probabilities tend to be
for specific ions (selective permeability) and the ability small (Po  0.15), structural models were limited to de-
to control ion flow in a stimulus-dependent way (gating). scribing the type of movements that might underlie the
For many years, gating was analyzed and understood opening process [7].
from the confines of electrophysiology: exquisitely sen- Adding to a remarkable string of spectacular results,
sitive and capable of very high time resolution, but only two papers from the MacKinnon group [8, 9] now show,
able to generate structural models in “cartoon” form. In in stunningly beautiful detail, how K channels (and by
the past few years, however, there has been a quantum extension Na2 and Ca2 channels) might gate. Working
leap in terms of our understanding of how channels work with prokaryotic channels containing RCK domains (reg-
at the molecular level. ulators of K conductance), they identified, purified, and
Much of this progress has been the result of the study solved the crystal structure of MthK, a channel from the
of prokaryotic channels. Structural analyses of ion chan- achaeon Methanobacterium thermoautotrophicum. In
nels had been traditionally limited by the scarcity of panar lipid bilayers, MthK was found to open in the
biochemical sources of purified material and by the fact presence of intracellular [Ca2] (albeit at very high con-
that, once purified (often after harrowing and heroic ef- centrations), and this knowledge was no doubt used to
forts), eukaryotic ion channels behave like prima don- obtain diffracting crystals. Amazingly, the structure of
nas: very large, complicated, and unreasonably unsta- MthK in the presence of Ca2 seems to represent that
ble. Remarkably, it turns out that, in the course of of an open channel, showing a very wide intracellular
evolution, potassium selectivity evolved early and quite vestibule that can easily explain functional data on qua-
efficiently. Thus, the structural constraints set by the ternary ammonium block and N-type inactivation.
coordination of K ions inside the membrane have re- While there is currently no closed structure of MthK,
mained essentially unchanged from prokaryotes to the key observations regarding its gating mechanism
humans. can be best understood by comparing MthK with KcsA
This much was evident from the first serious analyses and assuming that each represents the open and closed
of bacterial genomes, but it took the proverbial lucky states of an archetypical K channel (Figure 1A). The
break to open the structural floodgates. In the mid- channel opens because of the presence of a “gating
1990s, a remarkable open reading frame (KcsA) was hinge” located toward the center of TM2. This hinge is
discovered from the soil bacterium Streptomyces liv- represented by a glycine residue (Gly83), and, compared
idans [1]. The coded protein is quite small (160 residues), with the location of TM2 in KcsA, it allows an30 swing
but it is very similar to the “core” or pore domain of of the C-terminal half of TM2 up and away from the
voltage-dependent K channels. Most importantly, 4-fold axis of symmetry. The consequence of this swing
KcsA could be expressed in milligram amounts and is is that the narrow bundle crossing observed in KcsA
very stable in solution. The crystal structure of KcsA disappears, and, now, the permeation pathway be-
was solved relatively soon after, by the laboratory of comes about 12 A˚ wide at its narrowest, lined by small-
Roderick MacKinnon [2]. Predictably and very swiftly, volume residues (Ala88) (Figure 1B). The conservation
KcsA revolutionized the ion channel field. While ground- of both the glycine hinge and the small residue a turn
ing thirty-plus years of ion channel biophysics within a away suggests that this might indeed be a general gating
structural framework, the structure was very clear about mechanism for a wide variety of channels, although this
how ion conduction and selectivity might be taking will have to be tested experimentally.
A comparison with earlier structural models of gating
[7, 10] reveals two key differences: (1) the lack of a1 Correspondence: eperozo@virginia.edu
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Figure 1. Comparing the Transmembrane
Structures of KcsA and MthK Reveals a
Hinge-Gating Mechanism at the Intracellular
Gate
(A) KcsA (green) and MthK (red) overlapped.
The selectivity filter was used as reference
point. Only two subunits are shown, for
clarity.
(B) A single-subunit comparison viewed from
the 4-fold symmetry axis (dotted line).
(C) An intracellular view of the solvent-acces-
sible surface (2 A˚) for KcsA (left) and MthK
(right). Green areas represent the narrowest
part of the pore: V115 (KcsA) and A88 (MthK).
TM2 hinge at the conserved glycine, forcing whole-helix contacts between individual RCK domains generate two
distinct interfaces, a fixed interface, which does notmovements, and (2) the magnitude of the conformational
change, which is significantly smaller in the case of KcsA change between the two structures, and a flexible inter-
face, which hinges around the Ca2 binding cleft in such(but is expected because of the low maximal Po). In the
absence of data suggesting the presence of a hinge in a way that it may pull on the TM2 segment, forcing it
to adopt the wide-open conformation discussed aboveTM2, these models represented the simplest mecha-
nisms able to fit data that was medium to low resolution (Figure 1).
This type of mechanism is also nicely illustrated by aunder dynamic conditions. However, the type and direc-
tion of the movements of MthK below the hinge are still recent report from the laboratories of Senyon Choe and
Ian Booth [11]. In this paper, the crystal structures offully consistent with the spectroscopic data in KcsA [6,
7] and Cys accessibility data in a variety of eukaryotic two soluble RCK domains were determined in the pres-
ence of different ligands. Although structurally similarchannels [3].
How does Ca2 binding (or, for that matter, any other to the RCK domains from Kch and MthK, these proteins
regulate K permeability in prokaryotes by bindingligand) manage to trigger such a massive conformational
rearrangement at the inner-helical bundle? In MthK, NAD/NADH (they have been called KTN domains, to
indicate nucleotide binding). The structures correspondCa2 binding sets off a separate hinge-bending motion
involving the RCK domain [8]. Solid biochemical work to a water-soluble subunit of the KtrA K import system
from Methanococcus janaschii, complexed with NADrevealed that the mature channel is in fact an octamer,
formed by four full-length MthK subunits associated to (Mja218), and from Bacillus subtilis, bound to NADH
(Bsu222).four partial translations of MthK itself, starting at Met107
and including only the cytoplasmic domain. This com- Interestingly, in the presence of ligand, both proteins
form stable tetramers, but they quickly fall out of solutionplex forms a so-called “gating ring” immediately under-
neath the transmembrane segments. When the confor- once the ligand is removed, suggesting significant con-
formational changes upon ligand binding. Both Mja218mation of the RCK domain in MthK was compared with
the RCK structure from E. coli’s Kch (in the absence of and Bsu222 crystallized as dimers, where the dimer con-
tacts are analogous to the flexible interface describedCa2), a number of key issues became apparent. The
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channels, which may undergo rotation and translation
movements, (2) an intracellular RCK domain with a solu-
ble ligand, as in the MthK, KefC, and BK channels, (3)
an extracellular domain with an interfacial ligand biding
site, resembling the glutamate receptor family, and (4)
an intracellular domain that interacts with a membrane-
delimited ligand, the way that PIP2 activates inward
rectifier K channels. In each example, the stimulus sen-
sor/transducer (in red) exerts a steric force upon the
inner-helical bundle formed by the TM2 or S6 segments,
to ultimately open the channel. The challenge in the
next few years will be to establish the type of molecular
mechanism that determines how sensors and gates talk
to each other and define the way ion channels work.
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The mechanism of transduction between sensors and
gates lies at the core of our understanding of how chan-
nels respond to specific stimuli. Information derived
from these new crystal structures seems to indicate
that a general model of channel gating requires a direct
physical link between the energy transduction domain
and the gate domain, each undergoing its own set of
conformational changes. This is illustrated in Figure 2,
where this principle is shown schematically through dif-
ferent types of channels. In all cases, the pore domain
is represented by the structure of KcsA. The gate can
be coupled to a number of domains that affect its confor-
mation: (1) a voltage sensor, like that in the Kv family of
